Mechanoreceptive hair cells are present in three types of sensory organs in the vertebrates. The patterns of development of the sensory epithelia and the degree of differentiation of the supporting cells in those organs differ considerably between species. Differences in regenerative capacities appear to parallel some of those differences.
Unlike hair cells in the hearing organ, those in the recently and expertly (Fekete, 1996; Whitfield et al., 1997) and are beyond the scope of this Minireview. Howchick's balance organs turn over throughout life, so losses are repairable via up-regulation of constitutive ever, we shall briefly review studies of two types of genes that are expressed early and in fully developed replacement processes. Under control conditions, hair cells in these organs live 20-29 days on average, acepithelia. In chick embryos, the transforming growth factor ␤ cording to estimates based on measures of proliferation and apoptosis. Factors that limit the life spans of these (TGF␤) superfamily members BMP4 and BMP7 are expressed from the early otocyst stage throughout innerhair cells are currently unknown. Their identification might contribute to understanding the longevity of huear morphogenesis. At hatching, BMP4 expression is restricted to hair cells in the cochlea and supporting man hair cells, whose life spans have been presumed to extend to a century or more. cells in vestibular epithelia, while BMP7 expression is limited to supporting cells in the cochlea and has disapHair-Cell Development Provides Some Leads for Understanding Regeneration peared from the vestibular epithelia (Oh et al., 1996) . The differing patterns of expression and the persistence The understanding of inner-ear development is becoming more sophisticated as gene-expression patterns in those cells suggest a signaling role. In the rodent ear, the class IV POU-domain transcripidentify candidate signals for the control of morphogenetic patterns and cell fates. Some of the genes are tion factor Brn-3.1 (Brn-3c) is expressed in hair cells only, from the time of their differentiation to adulthood expressed only transiently during development but may be expressed again during hair-cell regeneration. The (Erkman et al., 1996) . Null mutants for Brn-3.1 are deaf and have impaired balance, resulting from a complete expression of a few persists through late development into maturity. The products may play roles in growth or absence of differentiated hair cells. Initially, both auditory and vestibular hair cells appear to develop, but they maintenance in mature hair-cell epithelia. Gene-expression patterns in developing ears have been reviewed degenerate perinatally, so continued transcription of Brn-3.1 appears to be required for maintenance of hair proliferation of supporting cells and result in new hair cells (Navaratnam et al., 1996) . Protein kinase A inhibicells. Nearby supporting cells also dedifferentiate or die as a secondary consequence of the null mutation.
tors decreased forskolin-induced stimulation of supporting cell proliferation and reduced the regenerative The Search for Triggers of Hair Cell-Regeneration Nontumorigenic cells require the binding of mitogenic proliferation induced in vitro by hair-cell poisoning with an antibiotic. The results suggest that loss of hair cells growth factors to specific receptors expressed on their surfaces before they will proliferate. Dozens of growth may lead to elevation of cAMP levels in supporting cells and thereby stimulate proliferation. Elevation of cAMP factors probably will be tested for effects on supporting cells. Recently, fibroblast growth factor 2 (FGF-2), a polevels might either result from the removal of a tonic signal emanating from hair cells that prevents the accutent mitogen for many cells, has emerged as a candidate mitogen for supporting cells in chicks, according to premulation of cAMP in nearby supporting cells or from the generation of a positive signal that elevates cAMP levels liminary results from culture supplementation (Corwin et al., 1996) and more extensive RT-PCR and immunocyduring hair-cell loss. If the cAMP pathway plays a major role in regeneration in vivo, it might interact with the tochemical investigations (Lee and Cotanche, 1996 The discovery that some supporting cells in the balwithin the site, are some of the first to proliferate. That is inconsistent with a requirement for proliferation sigance epithelia from mature mammals would proliferate after hair-cell loss led to explorations of growth factor naling via membrane-bound molecules (Warchol and Corwin, 1996) . It is possible that growth-influencing enhancement. TGF␣ increases proliferation of supporting cells in cultured utricles from adult mice after antibisignals such as second messengers are transmitted through the gap junctions that link supporting cells. The otics have killed hair cells, and it increases proliferation in undamaged epithelia, as does EGF when present toloss of hair cells causes immediate and dramatic changes in the shapes of nearby supporting cells. Under gether with insulin. Messenger RNAs for EGF receptor, FGF receptor-1, IGF-1 receptor, and insulin receptor normal conditions, hair cells retain a characteristic shape. When hair-cell epithelia are dissociated, hair are all present in hair-cell epithelia from damaged and undamaged utricles of rats, and platelet-derived growth cells retain roughly the same shapes they had in situ, but supporting cells become spherical. It is presumed factor ␣ (PDGF␣) receptor protein is most heavily expressed in hair cells (Saffer et al., 1996) . Thirty different that higher internal pressure or stiffer cytoskeletons in hair cells cause the supporting cells to conform to the growth factors have been combined with serum in cultures of semi-dissociated sheets of utricle epithelia from shapes of the small spaces left between neighboring hair cells. The loss of hair cells from these epithelia neonatal rats to screen for mitogenic effects on supporting cells (Zheng et al., 1997) . DNA synthesis increased would allow supporting cells to spread into the region of loss and therefore become less constricted in shape. in cultures that were supplemented with TGF␣, EGF, IGF-1, and several FGF family members. FGF-2 proSpreading shape changes of this sort and mechanical tension changes have been shown to promote cell prolifduced the greatest increase, and the effects of TGF␣ and IGF-1 were additive when individually combined eration in endothelial cells (Chen et al., 1997 The correspondence between regenerative capacities of hair-cell epithelia and the degree of structural differate the potential effects of FGF-2 on mammalian epithelia in situ. Many growth factors remain to be tested entiation of their supporting cells is limited. Supporting cells in mammalian and nonmammalian balance organs individually, in combination, and in specific sequences. The extracellular signals that control proliferation in hairare not recognizably different, but they differ markedly in the level of proliferation evoked by a loss of hair cells. cell epithelia may be complex and redundant.
One intracellular signaling pathway has been revealed Molecular differences that directly limit the capacity to dedifferentiate and become proliferative would not necthrough studies of the chick's auditory epithelium. Agents that increase intracellular cAMP levels induce essarily be evident in histology. The differences that cause mammalian supporting cells to have more limited the molecular mechanisms that result in the regeneraregenerative responsiveness than homologous cells in tion of hair cells in model species are understood, that fish and birds should be investigated at the level of gene should contribute to new and fruitful approaches to their expression and posttranslational modifications. Identificounterparts in mammals. Even before that, mammalian cation of those differences just might hold the key for epithelia may reveal their own secrets in the proper unlocking the regenerative potential of mammalian ears.
forms of molecular sorcery. Limb of newt and ear of One hypothesis is that homologous supporting cells chick could be the start of the recipe. in mammals and nonmammals have such dramatically Selected Reading different proliferative responses to hair-cell loss because of differences in the expression or activities of Brockes, J.P. (1997) . Science 276, [81] [82] [83] [84] [85] [86] [87] tumor suppressor gene products. Highly differentiated, Chen, C.S., Mrksich, M., Huang, S., Whitesides, G.M., and Ingber, nonproliferative cells, such as pigmented epithelial cells D.E. (1997) . Science 276, 1425 Science 276, -1428 from the iris and retina and chondrocytes, can dediffer- Corwin, J.T., and Warchol, M.E. (1991) . Annu. Rev. Neurosci. 14, entiate and become proliferative during regeneration. 301-333. When regenerative blastemas are cultured, the multinuCorwin, J.T., Warchol, M.E., Saffer, L.D., Finley, J.E., Gu, R., and cleate myotubes of newts also can be caused to dedif- Lambert, P.R. (1996) . Ciba Found. Symp. 196, ferentiate and proliferate, whereas those from birds and arising from hair-cell epithelia have not been reported, (1996) . Nature Med. 2, 1136-1139. a situation quite unlike that for most epithelia. SuppresOh, S.-H., Johnson, R., and Wu, D.K. (1996) . J. Neurosci. 16, 6463-sion of cell proliferation also could be influenced by 6475. integrins and components of the ECM, by differences Saffer, L.D., Gu, R., and Corwin, J.T. (1996) . Hearing Res. 94, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] in the expression of growth factor receptors and ligands, Warchol, M.E., and Corwin, J.T. (1996) . J. Neurosci. 16, [5466] [5467] [5468] [5469] [5470] [5471] [5472] [5473] [5474] [5475] [5476] [5477] and possibly by cytoskeletal components. Histological simplicity and conservation across vertebrate species that shared common ancestry over 450 million years ago may help investigators who hope to learn how to control the regeneration of hair cells. Animal models for hearing and balance loss are representative of the human conditions, because the same treatments cause the hair cell losses, yet some of those models regenerate and recover function. It is advantageous that the epithelia of those models can develop and regenerate when denervated; such models should continue to be of profound value. In addition, mammalian ears must be studied directly. It appears likely that the low potential for dedifferentiation and proliferation of supporting cells is what limits regeneration in mammalian ears, but it is possible that stem cells play a role in some epithelia and might be missing from others. The small size and inaccessibility of hair-cell epithelia contribute to slow progress but are not insurmountable. The current absence of appropriate cell lines, the small selection of applicable cell markers, and the limited numbers of identified mutants have also been barriers, but these deficiencies of tools and reagents are being addressed. Efforts to develop regenerative therapies for balance dysfunctions certainly appear more tractable than approaches to hearing loss, although for the balance epithelia it seems reasonable to predict that the problems ahead are not all revealed and may be difficult and complex. There are, however, reasons for optimism. When
